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Abstract: In this study, the main deformation behavior in terms of geometrically necessary dislocations
(GND) was investigated on a transformation induced plasticity (TRIP) stainless steel by using sharp
indentation at nanometric length scale. Results evidence that austenitic grains display an isotropic
behavior on terms of GND, the main deformation mechanism being the Frank–Read source activated
at local level.
Keywords: metastable stainless steels; nanoindentation; electron backscattered diffraction; plastic
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1. Introduction
Transformation induced plasticity (TRIP) steels present a metastable austenitic phase which
transforms to martensite due to plastic deformation, either during forming or under service
conditions [1]. This phase transformation acts as a reinforcing mechanism which makes those steels
ideal materials to replace the conventional grades due to their excellent combination of formability,
crash-absorbing capability, and good corrosion resistance [2]. The γ to α′ phase transformation is
complex and the theory on martensitic transformation remains uncompleted. Numerous studies have
tried to quantify the transformation and several models have been postulated to predict the mechanical
behavior [3–18]. However, the lack of a profound understanding of how parameters such as chemical
composition, temperature, strain rate, grain size, and deformation mode influence the transformation
makes it hard to generate precise constitutive models. In this sense, it is important to understand the
micromechanics of single grains, especially the dependence of mechanical properties (hardness and
elastic modulus) and phase transformation with crystallographic orientation.
Several researchers have studied the mechanical properties of steels by means of nanoindentation
of individual grains [19–27]. For example, Tromas et al. [19] reported the hardness and elastic modulus
anisotropy of plasma-nitrided AISI 316L stainless steel as a function of the crystallographic structure,
and Taylor et al. [20] evaluated the hardness of grains in dual phase steels. There are also a few
reports on the mechanical behavior of the individual austenite grains in TRIP steels [21,22], but all
of them deal with the most extended group of these steels, those with a ferritic matrix. Recently,
the dependence of the local mechanical properties of the austenite phase with the crystallographic
orientation has been demonstrated [23]. Results achieved for the same steel grade here studied, that
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is, AISI 301LN, pointed out that hardness of (001) and (101) oriented grains is lower than for (111)
ones. This hardness inhomogeneity had been previously reported for others materials using the
nanoindentation technique [24–26] and it was attributed to the presence of the geometrically necessary
dislocations (GNDs) resulting from the γ→ α’ transformation in the vicinity of the interface. However,
in the literature this information is not available for TRIP stainless steels.
Within this context, the aim of the present work was to analyze the dislocation motion depending
on the crystallographic orientation by GNDs that promote differences in plastic deformation and
therefore influence the hardening behavior that these steels present at the microstructural level.
2. Experimental Procedure
The material investigated was a commercial AISI 301LN stainless steel, equivalent to grade EN
1.4318, supplied by Outokumpu (Finland) as 2 mm thick sheets (more information is available in [28]).
A homogeneous array of 400 imprints (20 by 20) was made by using a Berkovich indenter. This
array was performed at 200 nm of maximum displacement into surface by using a nanoindenter XP
(MTS) equipped with a continuous stiffness measurement module, the latter allowing a dynamic
determination of the mechanical properties during the indentation process. A constant distance around
5 µm was held between each imprint in order to avoid any overlapping effect. Along the indentation
process, the indentation strain rate was held at 0.05 s−1.
Electron backscatter diffraction (EBSD) analyses, in terms of local orientation gradients in
deformed austenitic grains, were carried out using a FEI Helios NanoLab field emission scanning
electron microscopy (FESEM) operated at 20 keV. EBSD analyses were performed using EDAX TSL
OIM data collection system with a step size of 30 nm. The data post-processing consisted of the
application of a confidence index (CI) standardization routine and the filtering of the data possessing
a CI below 0.09. GNDs density is provided in terms of 10−12 m−2. This calculation was performed
according the methodology proposed by Field et al. [29], whose algorithm considers both types of
dislocations: Edge and screw.
Surface observation of a small region of the homogeneous indentation array, as well as the
main deformation mechanisms induced near the residual imprints, were performed by atomic force
microscopy (AFM), working in tapping mode. A dimension 3100 microscope from Bruker was used to
carry out the different measurements. All the images were processed with the WSxM software [30].
3. Results and Discussion
The image quality (IQ) and the local crystallographic orientation map for the indentations array
are shown in Figure 1a,b, respectively. Figure 1a exhibits a microstructure consisting of a monomodal
austenitic equiaxial grains distribution, whose sizes are 50 ± 4 µm. Martensitic lamellas were not
discerned. Figure 1b presents the corresponding local crystallographic map determined by means of
EBSD, where several pre-existing twins can also be observed (indicated by white arrows).
Figure 2a shows a set of twelve overlapped AFM images (error signal mode) reconstructing part
of the indentation array (marked as a white dashed rectangle in Figure 1a), where grain boundaries
(GBs) are drawn (white lines). As can be observed, several slip lines can be identified around the
indents due to the emergence and propagation of the (111) plane trace into the surface. Depending on
the crystallographic orientation, the slip lines displayed different orientations (Figure 2b). However,
no information regarding dislocations can be acquired with this technique. Therefore, in order to
elucidate the dislocations movement during the indentation process, GNDs maps were obtained by
using EBSD and reported considering that the minimum misorientation angle of a low-angle GB is
5 degrees.
Figure 3 exhibits the images of two different regions with several residual imprints (identified
with white full line rectangles in Figure 1a, labelled as 1 and 2). GND maps are presented in the right
hand side of Figure 3a,b, respectively. The plastic field produced by the nanoindentations induced
lattice rotations (see black arrows) is clearly depicted in the local crystallographic maps presented
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in Figure 3a,b. As discussed by several authors [31–34], this phenomenon may be attributed to the
activation of different slip systems due to the complex indenter geometry, causing a gradual change
in the loading axis during the indentation process. On the other hand, as reported by Roa et al. [23],
the (001) plane presented lower hardness than the (111). This behavior might be related to the necessary
condition to increase the stress to activate dislocation sources, and successively move the dislocations,
resulting in higher hardening gradients. Within this context, the GNDs map provides information about
the dislocation activity for different crystallographic orientations; see right hand side in Figure 3a,b.Crystals 2019, 9, x FOR PEER REVIEW  of 7 
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During a continuous indentation process with a sharp indenter, mobile unpinned dislocations in
the vicinity of the GBs can interact with each other. Depending on their Burgers vector, they will either
annihilate or glide to the contiguous austenitic grain and thus, depending on the crystallographic
orientation, can interact with the immobile dislocations influencing the early stage strain hardening
response. However, as observed in Figure 3, the amount of dislocations at the GB remained quite
constant whereas the maximum dislocation concentration was located at the contact point (defined as
the region between the material and the edge of the residual imprint). Furthermore, when the stress
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field induced during the indentation process decreased, the dislocation activity also decreased, as is
evident in both GNDs map images. These observations highlight the fact that Frank–Read sources (see
Figure 4) were the main deformation mechanism activated during the indentation process of these
TRIP stainless steels. Moreover, it is independent of the crystallographic orientation, which leads us to
conclude that the GNDs activity is isotropic.
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Figure 4 presents a magnification of the GND map for an imprint performed at the GBs. Clearly,
the maximum GND density was observed at the edge of the residual imprint where, as already
mentioned, the induced field stress was complex. On the other hand, due to the complex stress
induced at the edge of the residual imprint, the aximum amount of deformation was in the
order of 7 × 10−10 m−2. Furthermore, the stress field induced by the Berkovich indenter produces a
multiplication of dislocations by Frank–Read sources, as clearly described Hull et al. [35]. In TRIP
steels, as the GND maps highlighted, some dislocations are allocated partially in their slip planes;
predominantly in the maximum density (close packed) plane for the f.c.c. (face centered cubic)
structures. Within this context, during the indentation process the shear stress field produces a
displacement of the crystal above the slip plane relative to that below by one atom spacing b. This
process is regenerative, since it can be repeated until the dislocation source reaches the surface. In other
words, the shear stress, τ, exerts a force τ·b per unit length of line and tends to make the dislocation bow
out. Moreover, as is evident in the GND maps, the radius of curvature, R, depends on the stress applied.
Thus, as τ increases, the R of the slip line decreases and the line bows out until the minimum value.
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4. Conclusions
(i) The nano echanical tests conducted by using a sharp Berkovich indenter on individual austenitic
grains led to the activation of the main deformation mechanisms. Hence, slip traces have been
observed by advanced characterization techniques.
(ii) A GND map met odology provides information regarding the complex stress fields induced by
nanoinde tation inside certain crystallographic orientations.
(iii) Austenitic grains display an isotropic b havi r regarding the GND maps, with t e Frank–Read
s urce being the main defor atio mechanism.
(iv) All these results can serve as valuable inputs for m crostru turally informed computations aim d
at predic ing flow behavior at the macroscopic length scale.
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